Scalar-relativistic density functional calculations were applied to the complexation of Eu(III) and Am(III) ions with alkyldithiophosphinic acid (S-donor) and alkylphosphinic acid (O-donor) from the viewpoint of the bonding nature of valence orbitals of a metal ion. Two and four conformers for the S-donor and O-donor complexes, respectively, were optimized at the ZORA-BP86 level. The stabilization energies by complex formation between the metal ions and the ligands toward the hydrated metal ions were estimated at the ZORA-B2PLYP level; these calculations reproduced the experimental Am/Eu selectivities, where the S-donor ligand preferably coordinates to Am(III) ion rather than Eu(III) ion, whereas O-donor ligand selectively coordinates to Eu(III) ion rather than Am(III) ion. Electron population analyses based on the molecular orbitals indicated that the d-orbital electrons in both the Eu and Am complexes participate in bonding covalent interactions with donor atoms and have surprisingly similar contributions. This result suggests that the covalent interaction between the d-orbital electrons in the metal ion and the ligands may be due to the geometrical similarity of the molecular structures of the Eu and Am complexes. In contrast, the contributions of the f-orbital electrons in the metal ions were different in the Eu and Am complexes. In the case of the S-donor complexes, non-bonding and bonding contributions were observed for the Eu and Am complexes, respectively, and in the case of the O-donor complex, bonding and anti-bonding contributions were observed for the Eu and Am complexes, respectively. This result implies that the selectivities of Eu(III) and Am(III) ions were determined by the difference in the participation of their f-orbital electrons, not their d-orbital electrons, in covalent interactions.
Introduction
High-level radioactive liquid waste (HLLW) containing many types of metal ions is generated after the reprocessing of spent nuclear fuel. Minor-actinides (MA: Am and Cm) have long-term radiotoxicity due to their long half-lives and α-activities; thus, the partitioning and transmutation is a rational method for their disposal. In this method, MA ions are separated from HLLW, followed by transmutation of the MA ions to short-lived nuclides; this method was developed in order to reduce their environmental loads. 1 However, the selective separation of MA ions from lanthanide (Ln) ions is difficult due to the similarity of their chemical properties, such as their oxidation states, geometric structures, and chemical stabilities in solution. 2 To effectively separate MA ions, the molecular design of separation materials that have high selectivity for MA ions over Ln ions is desirable.
Solvent extraction has been employed for the separation of MA ions from Ln ions. [3] [4] [5] Selectivities for MA and Ln ions have been investigated using various extraction reagents. Previous studies indicated that S-and N-donor ligands such as alkyldithiophosphinic acid 6, 7 (R 2 PS 2 H; Figure 1a) and N,N,N',N'-tetrakis (4-pyridylmethyl) ethylenediamine 8 (TPEN), respectively, preferably coordinate to MA ions over Ln ions, whereas O-donor ligands such as alkylphosphinic acid 6 (R 2 PO 2 H; Figure 1b ) selectively coordinate to Ln ions over MA ions. This dependency of MA/Ln selectivity on donor atoms has been explained using Pearson's hard and soft acids and bases (HSAB) rule. 9 S-and N-donor atoms are softer bases than O-donor atoms; they bond more strongly to MA ions than Ln ions because MA ions are softer acids than Ln ions due to the extended distribution of their electron orbitals in the valence region. 10 The difference in covalency between MA and Ln complexes may determine the separation behaviors of MA ions from Ln ions; however, it is difficult to quantitatively discuss covalency using the HSAB rule.
Density functional theory (DFT) is a powerful tool to understand the chemical stabilities and electronic states of f-block compounds, [11] [12] [13] [14] which has been successfully applied to evaluation of feasibility to separate MA ions from Ln ions. 15 Discussion of the nature of the bonding between the metal ion and ligands in Ln and MA complexes has been controversial. Cao et al. 16 applied f-in-core relativistic effective core potential (RECP), which does not consider f-orbital electrons explicitly but sets that their contributions using a projector operator, to MA/Ln separation by alkyldithiophosphinic acid 17 and alkylphosphinic acid. 18 They suggested that the selectivity of MA and Ln ions is determined by the contribution of s-, p-, and d-orbital electrons, not f-orbital electrons, in the metal ion. 17 Meanwhile, our previous study using the segmented all-electron relativistic contracted (SARC) basis set, [19] [20] [21] which explicitly includes f-orbital electrons, indicated that the difference in the contribution of f-orbital electrons to metal-ligand bonding between Eu(III) and Am(III) ions contributes to the Am/Eu selectivity. 22 This study elucidates the role of the atomic orbitals of the metal ions in the complexation behavior of Eu(III) and Am(III) ions with alkyldithiophosphinic acid and alkylphosphinic acid using DFT calculations. It focuses on the relative stability of the metal ion by complexation reaction and discusses the covalent interactions of the atomic orbitals in the metal with the donor atoms of the ligands. More specifically, the d-and f-orbital electrons of the metals and their major contributions to the electron populations were intensively studied here. We aim to investigate the correlation between the covalency of f-block compounds and the separation mechanism of MA ions from Ln ions. We also suggest an answer to the question of the origin of the selectivity of MA and Ln ions.
Roles of d-and f-orbital electrons in the complexation of Eu(III) and Am(III) ions

Calculations
In this study, we ignored the detailed reaction mechanism, such as subsequently complex formation and dehydration processes, in order to simply correlate Am/Eu selectivity with relative stability between initial and f inal states. This assumption is crude when estimating the absolute value of Gibbs free energy difference (ΔG), because the effect of solvation and dehydration entropy are not included. It is, however, valid for the comparison of the Gibbs free energy difference between Eu and Am systems, because their coordination geometries are almost the same and the effect of stepwise dehydration or formation is finally cancelled when estimating the difference of ΔG between Eu and Am systems. We considered the stabilization of hydrated Eu(III) and Am(III) ions by the formation of complexes and modeled the complexation reactions, as illustrated in Figure 2 . Solvent extraction experiments have reported that one metal ion of Ln or MA forms a complex with three equivalents of monomeric R 2 PS 2 H (R = 2,4,4-trimethylpentyl) and dimeric R 2 PO 2 H (R = 2,4,4-trimethylpentyl) ligands. 23 The coordination geometries of these complexes in solution, investigated by extended X-ray absorption fine structure (EXAFS) experiment, are suggested to be MS 6 and MO 6 (M = Sm and Cm) environments for alkyldithiophosphinic and alkylphosphinic acids, respectively. 23 The geometrical coordinates of the metal complexes were created by referring to the single crystal X-ray diffraction data of the nona-hydrated complexes, [ Here, we considered simple models for both the S-donor and O-donor complexes in which all the alkyl chains of the phosphine group were replaced with methyl substituents. We believe that the MA/Ln selectivity is primarily determined by the coordination bond between the metal ion and the ligands, not by the hydrophobic properties of the alkyl chains. This is because the length of the alkyl chain of an extraction ligand affects its performance for extracting the metal ions but minimally affects its selectivity for MA/Ln ions, as indicated by some studies. 27, 28 The stereoisomerism of f-block complexes influences their spectroscopic properties 29 and their Am/Eu selectivities. 30 Some stereoisomers exist for the S-donor and O-donor complexes based on the chelating effects of the ligands ( Figure 3 ). The S-donor complex, [M(Me 2 PS 2 ) 3 ], has two geometrical isomers (Δ, Λ) that are crystallographically inequivalent, as observed in single crystal X-ray diffraction experiments ( Figure 3a) . 26 In (Figure 3b ). In this case, assuming that the O-donor complex has pseudo C 3 symmetry as observed in the case of the S-donor complex, 26 we did not consider the δδλ and λλδ conformers.
All DFT calculations were performed by the quantum chemical calculation package ORCA ver. 3.0 developed by Neese et al. 31 The scalar-relativistic effect was considered by the zeroth-order regular approximation (ZORA) Hamiltonian 32 using the formalism implemented by Wüllen. 33 The spin-orbit coupling effect was included in the present calculations using the Breit-Pauli perturbation method. 34 The SARC basis set, optimized for scalar-relativistic ZORA calculations, was assigned to all atoms. [19] [20] [21] The spin multiplicities of the Am(III) and Eu(III) complexes were set to the spin septet state. The unrestricted Kohn-Sham method was applied to the open-shell system. BP86 35, 36 and B2PLYP 37 exchange-correlation functionals were employed for geometry optimization and single-point calculations, respectively, under gas conditions because these methods have been confirmed in our previous studies to reproduce the equilibrium structures, the strengths 
of coordination bonds and the relative stabilities of complexation reactions of f-block compounds. 22 Equilibrium structure searches were performed without any geometrical constraints, followed by normal vibrational frequency calculations. Resolution of the identity (RI) approximations, Split-RI-J 38 and RIJCOSX, 39 were employed for all self-consistent field (SCF) calculations for the pure-DFT and hybrid-DFT computations, respectively. For the detailed computational conditions, such as the accuracy of self-consistent field calculations and the level of basis sets, please refer to Reference 22.
Results and discussion
Comparison of stereoisomer.
Normal vibrational frequency analysis after geometry optimization indicated that all the obtained molecular structures were located in local minima. The three-dimensional geometries of the optimized structures of the S-and O-donor complexes were visualized using VESTA 3.0 program 40 and are shown in Figure 3 . All the S-donor complexes have distorted octahedral geometries, whereas the MO 6 arrangement of the O-donor complexes belongs to the pseudo O h point group. These results were due to the difference in the bite angles between the monomeric S-donor and dimeric O-donor ligands. 17, 18, 23 Table 1 shows a comparison of the metal-ligand distances of the Eu and Am complexes with S-and O-donor ligands. In the case of the S-donor complexes, the distances between the metal ion and the S atoms and between the metal ion and the P atoms were ca. 2.84 and 3.39 -3.40 Å, respectively. In the case of the O-donor complexes, both the Eu and Am complexes have similar geometries wherein the metal-ligand distances were 2.31 -2.36 Å and 3.66 -3.76 Å for M-O and M-P, respectively. The variation of bond length among stereoisomers was small for both S-donor and O-donor complexes. These bond lengths were consistent with the experimental values for Sm and Cm complexes. 23 Gibbs free energy difference (ΔG) for the complexation reaction was calculated as the energy difference in the sum of Gibbs free energy values of the reactants and products, as described in Figure 2 . The Gibbs free energy (G) was divided into total energy (E tot ) obtained by single-point calculations at the B2PLYP level and a thermal correction term of Gibbs free energy (G corr ) obtained by calculating the normal vibration modes at the BP86 level (eq 1). The G corr term includes a thermal correction for the enthalpy (H corr ), the entropy term (S), and temperature (T), as shown in eq 2. The H corr and S terms include contributions from vibration (vib), which is based on the approximation of a strictly harmonic oscillator, rotation (rot). The rotation here is assumed as a rigid rotor, and translation (trans) (eqs 3 and 4). S spin denotes the entropy term generated from the spin multiplicity of compound. All G corr values were calculated under standard state condition (298.15 K, 1 atom). (M) . In other words, the Am/Eu selectivity in this case should be determined by the difference between the orbital interactions of the Eu and Am complexes, i.e., the chemical bonding.
Orbital interactions by population analysis.
To discuss the orbital interactions in Eu and Am complexes with Sand O-donor ligands, the atomic spin population of the metal ions, ρ spin (M), was estimated using Mulliken's procedure (Table 3) . 41 The absolute values of ρ spin (M) of the S-donor complex were greater than those of the O-donor complex for both the Eu and Am systems. This may be explained by the fact that the decomposition of the electronic degeneracy of orbital levels caused by the decrease of the octahedral symmetry of the S-donor complexes, which belong to the pseudo-D 3 point group, resulted in an increase of the orbital overlap between the center metal and donor atoms. In all the cases, the f-orbital electrons made a dominant contribution to ρ spin (M). Comparing the atomic orbital components of ρ spin (M) between the Eu and Am complexes, the contributions of the dand f-orbital electrons of the Am complexes were greater than those of the Eu complexes, whereas the contributions of the sand p-orbital electrons to ρ spin (M) did not vary significantly between the Eu and Am complexes for both the S-and O-donor systems. This indicates that the difference in the contributions of d-and f-type atomic orbital electrons of Eu(III) and Am(III) ions to their complexes may correlate with Am/Eu selectivity. Figure 4 shows selected MO surface descriptions for S-donor complexes. In the case of d-type MOs, the bond overlap between metal ion and donor atoms was indicated to be same for Eu and Am systems. In the case of f-type MOs, there was no overlap between Eu 3+ ion and donor atoms, whereas the explicit orbital interaction between Am 3+ ion and donor atoms was observed. This result suggested that the orbital overlap between metal ion and donor atoms was a critical factor to understand the Am/Eu selectivity. Molecular orbital overlap population (MOOP), which enables us to evaluate the strength and sign of the bonding overlap between AOs in each MO, was applied to these complexes. 42 Recently, this analysis was employed in computat ional st udies of t he bondi ng proper t ies of f-block compounds. [43] [44] [45] The MOOP of the ith MO, termed OP i , can be described in terms of eq 5:
(M), and ΔG(M) for M = Eu and Am complexes with S-and O-donor ligands and their average values with standard deviations
where c μ and c ν denote the MO coefficients of the basis functions χ μ and χ ν , respectively, and S μν denotes the overlap integral between χ μ and χ ν . To discuss the property of the bonding between the d-or f-orbital of the metal ion and the donor atoms, μ was defined as belonging to the set of the d-or f-type basis functions in the metal ion, and ν was defined as belonging to the set of all basis functions in the donor atoms. The partial density of states (PDOS) curves of the AOs in the metal ion, with MOOP between the AOs in the metal ion and the donor atoms in the valence α-spin orbital region and with selected MO surfaces, are shown in Figures 5 and 6 . These curves can be described as a Gaussian line shape profile convoluted with a half-width of 0.5 eV using the single-point calculation results of the Δ conformer of [M(Me 2 PS 2 ) 3 ] and the . This difference in the f-orbital contributions to covalent interactions was a key factor in determining the Am/Eu selectivity of S-and O-donor ligands, although the correlation between the orbital contribution to covalency and the relative stability of the Am/Eu system was as yet undetermined and should be discussed carefully in our future work.
Conclusion
Relativistic DFT calculations were applied to the chemical separation of Am(III) complex from Eu(III) complex with Sand O-donor ligands to elucidate the correlation between the bonding properties and the Am/Eu selectivity. The computational stabilization energies of complexation with S-and O-donor ligands reproduced the experimentally observed selectivity, where S-donor ligands selectively coordinate to Am(III) ion rather than Eu(III) ion and O-donor ligands preferably coordinate to Eu(III) ion rather than Am(III) ion regardless of the conformers of their complexes. Mulliken's atomic spin population analysis revealed that the d-and f-orbital electrons in the metal ions majorly contribute to the chemical bonding. MOOP analysis implied that the contributions of d-orbital electrons are almost same for Eu(III) and Am(III) complexes, whereas the contributions of the f-orbital electrons are significantly different. The similar interactions of the d-orbital electrons in both the Eu and Am complexes are suggested to contribute to the analogous geometries of the Eu and Am complexes. The difference in the contributions of the f-orbital electrons of Eu and Am ions is implied to be the origin of the Am/Eu selectivity. It is interesting to note that both the d-and f-orbital electrons in the metal ions play important roles in formation of covalent bonding; however, their functions are different. We hope that the present work will be useful to elucidate the separation behavior of MAs from lanthanides and will contribute to the improvement and optimization of partitioning and transmutation technologies.
